Epidemiological studies have shown that sleep debt increases the risk of obesity. Experimental total sleep deprivation (TSD) has been reported to activate the reward system in response to food stimuli, but food-related responses in everyday sleep habits, which could lead to obesity, have not been addressed. Here, we report that habitual sleep time at home among volunteers without any sleep concerns was shorter than their optimal sleep time estimated by the 9-day extended sleep intervention, which indicates that participants had already been in sleep debt in their usual sleep habits. The amygdala and anterior insula, which are responsible for both affective responses and reward prediction, were found to exhibit significantly lowered activity in the optimal sleep condition. Additionally, a subsequent one-night period of TSD reactivated the right anterior insula in response to food images; however, the activity level of amygdala remained lowered. These findings indicate that (1) our brain is at risk of hyperactivation to food triggers in everyday life, which could be a risk factor for obesity and lifestyle diseases, and (2) optimal sleep appears to reduce this hypersensitivity to food stimuli.
INTRODUCTION
According to a number of studies worldwide, habitual sleep insufficiency in modern social life is a global issue. [1] [2] [3] [4] [5] [6] [7] Insufficient sleep is known to cause various public health problems such as metabolic syndrome, 8 cardiovascular disease, and lifestyle diseases such as diabetes. 9, 10 There has been much interest in the suggestion that lack of sleep can be a risk factor for weight gain and obesity, [11] [12] [13] [14] which are significant public health concerns. [15] [16] [17] [18] Alongside the rise in obesity, the number of individuals obtaining the recommended 7 to 8 hours of sleep has been declining, with many sleeping less than 6 hours per night. 12 Epidemiological and experimental evidence shows that sleep debt both increases appetite and enhances actual food intake. [12] [13] [14] [19] [20] [21] [22] [23] The association between insufficient sleep and higher body mass index (BMI) is also driven by changes in satiety and hunger hormones. 23 For instance, insufficient sleep leads to an increase in blood pressure and blood cortisol, sympathicotonia, higher circulating levels of the hunger-stimulating hormone ghrelin, and decreased levels of the satiety hormone leptin.
14,24-29 Furthermore, Zheng et al. 30 imply that the hedonic component of food intake (eg, liking or pleasure) triggers energy consumption and causes an additional increase in sensitivity of the reward system to food. These vicious cycles may contribute to the pathophysiology of obesity due to lack of sleep. Recent studies have shown that levels of circulating endocannabinoids, which are known to be involved in the hedonic control of food intake, increase with sleep restriction, 31 while sleep extension decreases appetite for rewarding food (eg, sweet and salty foods). 32 Neuroimaging techniques are considered effective for clarifying the etiological basis of hedonic eating, as hedonic eating is reportedly accompanied by addiction-like brain changes such as enhanced mesolimbic dopamine activity. 33 There have been a handful of functional neuroimaging studies focused on the neural correlates between sleep debt and obesity, mostly indicating greater activation of the reward system in response to food images when sleep is deprived. [34] [35] [36] [37] These findings could explain why people with irregular or poor-quality sleep (eg, night-shift workers) are more prone to weight gain than those with normal sleep-wake patterns. 38, 39 However, these neuroimaging studies were carried out by manipulative restriction of sleep, such as total sleep deprivation (TSD) or severe restriction of participants' sleep time, both of which are rarely experienced and would generally be short lasting if encountered in daily life. Therefore, the findings of previous studies do not necessarily reflect habitual sleep debt, which reportedly contributes to obesity. [11] [12] [13] [14] Given the widespread shortage of sleep time among healthy people, it is possible that chronic sleep debt due to daily short sleep may implicitly lie even in those who do not recognize any sleep-related problems. Indeed, previous experimental research has shown that sleep sufficiency varies between individuals: even without self-reported sleepiness, some had a potential sleep debt that required a few nights of sufficient sleep time to recover from after it had implicitly accumulated in their usual sleep habits. 40 The accumulated evidence warrants an exploration of whether potential sleep debt in habitual sleep settings promotes obesity. We propose a novel hypothesis that individuals accumulate unrecognized sleep debt due to their seemingly normal/regular sleep habits, leading to brain hyperreactivity to food triggers.
To test this hypothesis, we used functional magnetic resonance imaging (fMRI) to measure brain activity in response to food image stimuli when participants had been under their everyday sleep-wake cycle in regular social settings. Specifically, we evaluated activity in emotional, gustatory, or reward-related brain areas as reported in previous studies using food image stimuli-such as the insula, amygdala, and orbitofrontal cortex [34] [35] [36] [37] -in conditions of habitual sleep status versus experimentally "compensated" sleep status. Participants also underwent an additional one-night TSD after their sleep debt had been corrected, to enable comparison of three different brain responses to food stimuli: reactivity in habitual sleep session (HS, the day of arrival at the lab); in the last day of 9-day extended sleep session (ES9); and after TSD (Figure 1 ).
EXPERIMENTAL PROCEDURES

Methods and Materials
The authors declare that all experiments on human participants were conducted in accordance with the Declaration of Helsinki and that all procedures were carried out with the adequate understanding and written consent of the participants.
The study was approved by the Ethics Committee of National Center of Neurology and Psychiatry (Kodaira, Tokyo).
Participants
Sixteen healthy right-handed male participants (mean ± standard deviation [SD] age = 23.4 ± 2.5 years) were recruited by advertisements. One participant was excluded from the study due to withdrawal. The final number of participants was 15 (mean ± SD age = 23.3 ± 2.1). They received monetary compensation for their participation.
Eligibility requirements were age of 20-29 years, male sex (because of variation in food intake across the menstrual cycle in women), right handedness, and BMI from 18.5 to 25 kg/m 2 . Individuals were excluded on the basis of the following criteria: irregular sleep/wake habits (eg, shift workers), insomnia, sleep apnea syndrome, daytime sleepiness, travel history to countries with 6-hour time differences in the 3 months preceding the study, faddy eater, vegetarian, current dieting efforts, metabolic disorders (eg, hyperlipidemia or hypercholesterolemia), psychiatric disorders, and difficulties in abstaining from smoking. Participants were also screened to rule out those who fulfilled standard MRI exclusion criteria (eg, nonremovable metal parts in/on the body, known neurological diseases, claustrophobia). All participants were confirmed to be healthy on the basis of questionnaires, examination by a physician, blood tests, T1 structural brain imaging, and all-night polysomnography recordings.
Participants had originally been recruited for a study of individual potential sleep debt 40 and completed the same interventional protocol. In the present study, however, we focused on completely different aspects of the data by adopting a neuroimaging technique to assess participants' neural responses to food stimuli in different sleep conditions. The analyses reported here do not overlap with those reported elsewhere.
Procedures for Sleep Control
Participants completed a 28-consecutive-day experiment consisting of a 14-day in-home observational period and a 14-day in-lab experimental period. During the observational period, participants wore a wrist actigraph (MicroMini-Motionlogger Actigraph, Ambulatory Monitoring Inc., Ardsley, NY) on their nondominant hand to monitor sleep schedule; accuracy was confirmed with an online sleep diary. An online visual analog scale (VAS) was also used to assess participants' sleepiness, tiredness, mood, and appetite before bedtime and to assess their self-reported sleep quality, sleepiness, mood, and appetite after waking.
All in-lab procedures during the experimental period were done in the isolation laboratory at the National Center of Neurology and Psychiatry, which enables highly advanced research on sleep-wake mechanisms and biological rhythms (http://labo.sleepmed.jp/english/facilities.html). The timing of each event in the lab was reset to the relative time, such that 0:00 corresponded to the average in-home bedtime for each individual. Participants entered the lab at 17:00 on the first day, and lights were turned off at 0:00 after a meal and a bath. For the first two nights, time in bed was set to 8 hours, starting at each individual's in-home bedtime. The first night was intended for adaptation to the lab; all data collected on this night were excluded from the analyses because sleep polysomnographic The study included a 14-day in-home survey, habitual sleep session (HS), two 8-hour adaptation nights, baseline night (BL1, BL2), nine nights of extended sleep session (up to 12 hours) (ES1-ES9), one night of total sleep deprivation (TSD), and one recovery sleep (RS). Each bar in the timeline indicates either of a sleep period (black), one-night total sleep deprivation (gray), fasting period (orange), or MRI session (purple). Experimental tasks in the MRI scanner were done between 20:00 and 24:00. MRI = magnetic resonance imaging. studies have shown that it inevitably has a longer awake period ("first-night effect," see. 41 ) The second night was also intended for further adaptation to the lab, and set as the "Baseline-night."
The third through 11th nights were named "Extended Sleep" (ES), and the third and 11th nights denote the first and ninth ES (ES1 and ES9), respectively. During the ES session, participants were required to stay in bed for 12 hours and could sleep as needed; thus, no participant slept more than 12 hours throughout ES. Bedtime was set 2 hours earlier than each individual's habitual bedtime to adjust the center of sleep phase between HS and ES and to cancel out the circadian effects on appetite and related brain functions as much as possible. After waking from ES9, participants entered 39 hours of TSD. For their safety, the experiment ended with a recovery sleep following TSD.
Throughout the in-lab experimental period, the room lights, participants' sleep time, temperature, and food intake (calories, amount, and time) were strictly controlled by trained technicians. Each participant was isolated in an individual compartment and prohibited from using mobile phones or the Internet to make contact with the outside.
During the sleeping phase, participants were requested to sleep on the bed in their individual compartment, where the lights were turned off (0 lx). During the waking phase, lights were set to 100 lx and participants were monitored to prevent them from falling asleep by the experimenters. Participants were permitted to move freely around the sleep lab, read, write, listen to music, watch videos, play video games, and chat with the experimenters. Room temperature and humidity were kept within 25 ± 0.5°C and 50 ± 5% relative humidity, respectively.
Control Over Dietary Intake
To help control weight, energy expenditure, and appetite throughout the experiment, the calorie content of participants' meals was determined according to their individual weights. Daily energy intake was calculated according to agebased basal metabolism, weight, and physical activity level. The index for physical activity level was set at "low" (level I = 1.5 MET [metabolic equivalents]) as the participants were restricted to the laboratory. The standard value of basal metabolism for individuals in their 20s is 24.0 kcal/kg/day; thus, the equation for individual calorie intake was as follows: (daily energy intake) = (basal metabolism standard value) × (weight) × (physical activity level). Except for one participant who did not eat a carbohydrate-containing food on the last day, participants had no leftovers that would reduce calorie intake. Mealtimes were set at 12:00, 16:00, and 20:00 (at each participant's relative time) across the experimental period, except for on days 12 and 13. On these days, meals were provided only at 12:00 and 21:00 in order to preserve an 8-hour fast prior to the fMRI scanning sessions, as suggested in a previous study. 42 To maintain a consistent daily calorie intake, the amount of calories in each meal was higher on fMRI scanning days. This was because, on scanning days, participants were restricted to two meals a day so that they would be able to fast for 8 hours before scanning. Throughout the experiment, participants' sleep status was monitored using polysomnography by experimenters who were blinded to the experimental conditions.
MRI Scanning Protocol
To assess how sleep modulation would change brain activity in response to food stimulation, participants were examined by fMRI three times: on the first day (HS), after 9 days of extended sleep (ES9), and after one night of TSD. All functional scans were done consistently before a meal, at 20:00 (relative time for each participant).
Preparation of Stimuli for fMRI
The stimulus images were 216-color pictures of food or nonfood items. Food images were selected from a calorie-counting book 43 and online materials. Nonfood images were selected from online materials. Each food image illustrated either a high-calorie food (eg, beefsteaks and hamburgers) or low-calorie food (eg, salads and pickles). Nonfood images showed neutral and nonevoking commodities (eg, pens and paper clips). Each stimulus set (high-calorie food, low-calorie food, or nonfood) contained 72 images ( Figure 2 ). All stimulus images were modified for consistency in size, resolution, complexity, contrast, and luminance.
Stimulus Presentation Procedure
All 216 images were presented only once across all scanning sessions. Participants underwent six fMRI sessions, with two sessions each conducted during HS, ES9, and TSD. In each session, participants were exposed to 36 images: 12 of high-calorie food, 12 of low-calorie food, and 12 of nonfood items. Each image was presented for 6 seconds following presentation of a fixation cross whose duration varied from 3-9 seconds. The participants' task in the MRI scanner was to look at the images and rate how much they desired the target item using a fourpoint Likert scale (1 = don't want at all, 2 = slightly want, 3 = want, and 4 = strongly want). The stimulus presentation time (6 seconds) consisted of two parts: during the first half (3 seconds), participants were asked to observe the stimulus; during the last half (3 seconds), the rating scale (1-4) appeared beneath the image and participants were required to rate their desire for the target.
After each session, participants rated their sleepiness with the Stanford Sleepiness Scale 44 and were asked to report (1) whether they had fallen asleep during the scanning session and (2) their estimated percentage of sleep time. We confirmed that none of the participants fell asleep during the scan.
Analysis of Individual Desire to Food Images
Participants' desire for food and nonfood items was assessed in three different sleep conditions (HS, ES9, and TSD); therefore, we compared the scores with 2 (Food/Non-Food) × 3 (HS/ ES9/TSD) repeated measures analysis of variance (ANOVA). p values < .05 were considered statistically significant. We used SPSS version 19 (SPSS Inc., Chicago, IL) for the statistical analyses.
Analysis of Individual Appetite Levels
We measured participants' appetite levels before and after breakfast on each experimental day using a VAS. Participants were asked to rate on a scale from 0 to 100 how hungry they felt before breakfast and how satiated they felt after breakfast. Note that participants received a larger breakfast on the scanning days to maintain a consistent daily caloric intake despite receiving only two daily meals instead of three (as mentioned above, an 8-hour fast occurred before each scanning session, and so participants received one fewer meal on scanning days). This ensured that the participant hunger level would not be affected by their total calorie intake. We could thus not use the satiety data from ES9 but instead used the average of days ES7 and ES8. We hypothesized that in ES, compared with that in HS, the hunger level would decrease and the satiety level would increase. We also measured appetite level before scanning to confirm that it was controlled across sleep conditions. fMRI Data Acquisition A Siemens Magnetom Verio 3T MRI system equipped with a head coil was used to acquire an anatomical volume image and functional MR images of each participant. To obtain a reference image for analysis, a structural image (T1-weighted magnetization-prepared rapid gradient-echo) was taken with the following sequence parameters: repetition time (TR)/echo time (TE) = 1900/2.52 ms, voxel size = 1 × 1× 1 mm, flip angle = 9°, and field of view = 250 × 250 mm. To obtain task-related fMRI images, parameters for single-shot echo-planar imaging were set at TR/TE = 3000/30 ms, 40 axial 3-mm slices with 0.6-mm interslice gap, voxel size = 3.6 × 3 × 3 mm, flip angle = 90°, matrix size = 64 × 64, and field of view = 192 × 192 mm. Images were angled along a line connecting the anterior and posterior commissures. A total of 158 volumes were obtained during each session.
Preprocessing of fMRI Data
The first five volumes were discarded for each session to allow longitudinal magnetization to reach equilibrium. All analyses of the imaging data were performed using Statistical Parametric Mapping software (SPM8; Wellcome Department of Cognitive Neurology, London, United Kingdom). Spatial realignment was done to correct head movements. Images were then warped into the Montreal Neurological Institute (MNI) standard template space and were interpolated to 2 × 2 × 2 mm voxel size. Finally, images were smoothed using a 6 × 6 × 6 mm full-width at half-maximum isotropic Gaussian kernel.
General Linear Model Analyses of fMRI Data
The first-level statistical analyses were performed using a general linear model (GLM). Four vectors of stimulus onsets were created for each condition (high-calorie food, low-calorie food, nonfood, and no response) and convolved using the canonical hemodynamic response function with the 0-second duration. In the GLM analysis, a 128-second temporal high-pass filter was applied to the data to remove low-frequency artifacts, six realign parameters were entered as nuisance regressors for movement correction. In addition, using an artifact detection toolbox (http://www.nitrc.org/projects/artifact_detect/), the scans when the participant moved more than 2 mm were regressed out with finite impulse response model in the GLM.
Estimation of the GLM model produced a brain map of parameter estimates for each condition. The high-and low-calorie food maps were collapsed (averaged) to create the individual map for food. We then created an individual contrast map for "food versus nonfood" across two sessions in each sleep condition.
Definition of Regions of Interest
We adopted a region of interest (ROI) approach for between-subject analyses of fMRI data, focusing on brain regions that are reported to be specifically activated by food cues. We selected the 16 MNI coordinates (x, y, z; mm) reported as food-related regions in a meta-analysis 45 of neuroimaging studies using food stimuli, 42, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] where the coordinates of these regions were worked out using activation likelihood estimation. 59 We applied small volume correction (SVC) to the analyses of "food versus nonfood" across the three sleep conditions in our study, and we searched for significant clusters in 7-mm spheres centered on the 16 a priori coordinates reported in the previous meta-analysis. Statistical threshold for this SVC within each ROI was set to pc < .05, corrected with family-wise error (FWE). Because we repeated similar SVC analyses 16 times, we further confirmed the statistical validity of these analyses in terms of correction of multiple comparisons; more specifically, we additionally applied false discovery rate (FDR) correction (with the threshold set at p < .05) over the peak p values of the clusters found from these 16 ROI analyses. We thereby identified surviving regions among the 16 regions, which should be responsive to food stimuli. These regions were the focus of subsequent analyses.
Next, to determine the effect of compensation of potential sleep debt on the activity in food-responsive regions, we compared the individual "food minus nonfood" contrast maps between HS and ES9 using a paired t test. This produced a tmap, which was then transformed into a z-map. We extracted significantly activated clusters in food-responsive regions by performing SVC analyses of this z-map within the 7-mm sphere centered on the peak coordinates of the food-responsive clusters. The identified clusters were regions with increased or decreased activity in ES9 compared with HS. Data were considered significant if p was less than .05 FWE and the number of continuous voxels forming a cluster was greater than 5.
To assess differential activation of food-responsive clusters between TSD and the other two sleep conditions, we then separately compared neural activity in TSD with that in ES9 and HS via paired t tests using MarsBaR software (http://marsbar. sourceforge.net). We expected that activity would increase in TSD compared with ES (which showed lower activity than that in HS). The TSD versus HS analysis was conducted using a two-tailed t-test, which allowed us to examine whether the effect of sleep deficiency in everyday life would be the same as (or different from) that in experimental TSD, in terms of neural responsivity to food.
Correlation Between Desirability and Neural Responses
To examine the effect of food ratings to the neural response, we performed a parametric modulation analysis in each session. In the first-level within-subject GLM analyses, we entered event-by-event individual desirability scores for food stimuli as the parametric modulator term. Estimation of the GLM model produced a brain map of parameter estimates for each session, then all brain maps estimated session-wise were entered into a second-level between-subject analysis, with a statistical threshold of p < .05, corrected with FWE, and a cluster size of k ≥ 10 voxels.
Further, to understand if the observed neural responses would actually reflect changes in behavior that could increase the obesity risk, we performed correlational analyses between the activation and behavioral scores across different sessions. We prepared two types of contrast images, those for high-calorie foods and those for low-calorie food, and contrasted these with nonfood. We also prepared contrasted desirability scores (high calorie minus nonfood and low calorie minus nonfood, each of which had been standardized within each session). Then, we did a whole-brain regression analysis by SPM with a statistical threshold of p < .05, corrected with FWE, and followed this with a food-related ROI analyses using MarsBaR with a statistical threshold of p < .05 in each ROI.
RESULTS
Sleep Recordings
Fifteen participants who reported no habitual sleep problems with average in-home sleep time (7.3 ± 0.3 hours) were allowed to sleep freely in the lab (up to 12 hours/day). Participants' actual sleep time initially increased, then gradually decreased until reaching the set point of their optimal sleep time: compared to HS, average total sleep time significantly increased during the ES session [t (14) = 3.00, p = .009, Table 1 ]. The result reflected that participants' potential sleep debt had been compensated from the beginning of ES session and the degree of their sleep sufficiency reached the plateau after that. 40 
Individual Desire for Food Images During fMRI Experiments
Our initial prediction had been that their explicit desire for food might be reduced in the ES condition. However, participants' scores of self-reported desire for food, which was inspired by food images they viewed while in the MRI scanner, did not differ across different sleep conditions [F (2, 28) = .61, p = .55; 2 (Food/Non-Food) × 3 (HS/ES/TSD) repeated measures ANOVA]. The result indicates that participants were not explicitly aware of changes in their inner desire for food across sleep conditions, at least during the fMRI experiments.
Individual Appetite Levels in the Morning
We measured participants' actual appetite levels on a scale of 0 to 100 before and after breakfast in each sleep condition. As expected, participant levels of hunger before breakfast differed between the three conditions [F (1, 14) = 4.62, p = .019, Figure  3A] . Specifically, hunger decreased on the final day of ES compared with HS [t (14) = 2.14, p = .028] but increased after one night of TSD [t (14) = 2.14, p = .016], such that we found no difference in hunger after BL1 versus one night of TSD. The increased hunger level after TSD might have been partly due to the increased energy expenditure associated with sleep deprivation (Markwald et al., PNAS 2013), however this effect was found by some studies to be quite small (Jung et al., J Physiol, 2011). Participants' satiety after breakfast was also different between the three sleep conditions [F (1, 14) = 18.87, p < .001, Figure 3B ] and was increased on the eighth day of ES compared to HS [t (14) = 2.05, p = .003]. The result suggests that sufficient sleep would make people less hungry and more prone to feel satisfied after meals. Additionally, satiety level was higher after TSD than after ES [t (14) = 3.23, p = .006]. This result was considered inevitable because the scanning schedule required that a larger breakfast be eaten on the day after TSD to maintain daily calorie intake, which inhibited the decrease in satiety level after one-night TSD.
Individual Appetite Levels Before Scanning
Variation in morning hunger levels (as shown in Figure 3A and B) across experimental days could confound the fMRI results; for example, if differential brain activation between sleep conditions was merely a reflection of differences in self-reported or physical hunger. Thus, we had participants fast for 8 hours before fMRI scans so that their appetites would be at a baseline level during fMRI sessions. We confirmed that participant hunger levels did not differ among the three sleep conditions before scanning on each experimental day [F (1, 14) = .87, p = .43, Figure 3C ], indicating that the fasting was equally effective across the three sleep conditions. Figure  2 ) using GLM analyses. To define potential food-responsive ROIs, 16 a priori coordinates reported in the previous meta-analysis 45 were selected to apply SVC to the analyses of "food versus nonfood" across the three sleep conditions in our study (details provided in Experimental Procedures). The following 10 food-responsive regions were found to be activated by food images used in our study: the left lateral orbitofrontal cortex, centered on the coordinates ( (Figure 4) , all of which survived the SVC with statistical threshold of p < .05, corrected with FWE within each ROI, plus additional FDR correction across the 16 ROIs.
Food-Related Neural Responses After Compensation of Habitual Sleep Debt
To assess the effect of compensation of potential sleep debt on the neural response to food images, we compared the contrasted (food minus nonfood) activation of food-responsive ROIs in HS versus ES. As expected, activation decreased after ES in some Figure 3 -Appetite levels in different sleep conditions. Subjective self-evaluation scores for (A) hunger level after breakfast, (B) satiety level after breakfast, and (C) hunger level right before the scan. The scores were compared between three different sleep conditions, that is, habitual sleep session (HS), eighth/ninth night of extended sleep (ES8/9), and total sleep deprivation (TSD). Sufficient sleep decreases hunger level and increases satiety, whereas sleep deprivation increases hunger level. No significant differences were found in prebreakfast hunger levels among different sleep conditions, indicating that appetite levels before each scanning session were successfully controlled. Participant appetite levels are rated on a 0-100 visual analog scale. Error bars indicate standard errors of means. *p < .05, †p < .01, ‡p < .005, §p < .001. Figure 2 -Stimulus images of food and nonfood. Food images contained high-and low-calorie food, and nonfood images depicted office supplies and other everyday materials. Each image was presented for 6 seconds after display of a fixation cross. Participants were asked to rate how much they desired the target using a four-point Likert scale (1 = don't want at all, 2 = slightly want, 3 = want, and 4 = strongly want). 
Effects of TSD on Neural Responsivity to Food Cues
Our initial hypothesis was that responses lowered by ES would rebound after participants experienced one-night TSD; however, the results varied between the two regions ( Figure 5 ). In the left amygdala, activation did not rebound after one-night TSD, instead remaining similar to activation after ES [TSD minus ES, t (14) = 1. The whole-brain regression analysis showed that the contrasted activation in the right fusiform gyrus only (26, −44, −12) was significantly correlated with the contrasted desirability scores (t = 5.58; k = 22; p < .05; FWE corrected). Further food-related ROI analyses showed that activation in the amygdala (−22, −8, −18) was positively correlated with the contrasted desirability scores, t (164) = 1.84, p = .034].
DISCUSSION
Unlike previous studies that examined the effect of sleep debt by acutely and artificially restricting patients' sleep time, this study focused on whether habitual sleep may lead to hyperreactivity to foods in daily life, a phenomenon highly suspected to increase the risk of obesity and lifestyle diseases such as diabetes.
We first satisfied individual optimal sleep time by allowing participants' sleep time to naturally extend and then compared sleep time before and after sufficient sleep. Participants' actual sleep time increased at first and then gradually decreased until it reached their optimal sleep time. As suggested in our previous report, 40 the initial increase in sleep time was a rebound from unrecognized sleep debt in daily life, and the gradual decrease represented the convergence of sleep time on the optimum. These results show that the participants were not achieving their optimal sleep time in everyday life, although importantly, they had no complaints of daytime sleepiness or sleep problems. It is often assumed that individual sleep debt can be identified by individual awareness of daytime sleepiness; however, the fact that the participants in this study had not complained of sleep-related problems indicates that unconscious sleep debt likely exists even with "normal" everyday sleep. Accordingly, participants' appetite level changed in the ES session; hunger decreased and satiety level increased after ES compared with HS. These results are consistent with epidemiological data and previous reports showing that sleep debt elicits calorie overconsumption. 38 The imaging results suggest that, in processing food-cue, the affective components (activation in the left amygdala and anterior insula) can be suppressed by compensating for the potential sleep debt of everyday life. The amygdala is known to play an important role in emotional reactions and is associated with prediction of rewarding stimuli, including food-related appetitive cues 45, 60, 61 ; this is especially true of the left amygdala. 62 Thus, the ES intervention was found to effectively regulate reward-based emotional reactivity to food triggers due to everyday sleep debt. The anterior insula, extending to the fronto-opercular cortex, responds to a wide range of emotional, sensory, and cognitive tasks 63 ; but more importantly, is referred to as the "ingestive cortex" because it responds to most food-relative sensory properties 64 and even food craving. 65 The parametric modulation analysis showed that the desirability scores rated in the scanner correlated with some regions that overlap the food-related regions in the present study. This correlation shows that the neural response is reflecting the rating behaviors to each stimulus items. However, the behavioral result does not show the differences across the sleep conditions while brain activity changes upon sleep sufficiency. This dissociation of behavior and the neural activity indicates that the neural activity is more sensitive to be affected by sleep. We found from the additional regression analysis that the food images with higher desirability induced stronger activation in the fusiform gyrus. This activation may be associated with the novelty 66 that accompanies the experience of viewing images of foods with hedonic properties, such as higher calorie foods. 67 Our study supports the assumption that the affective components of food-related processes-especially the reward and sensory properties-are easily affected by sleep insufficiency. We suggest that this hypersensitivity among people with hidden sleep debt could lead to food overconsumption. One might suppose that a one-night TSD intervention could have caused significantly increased activation of the amygdala (as reported in 35 ) even after activity in both the amygdala and the anterior insula decreased by an ES intervention. In fact, the responses of these regions differed after TSD, however; amygdala activity in our study remained robustly stable and did not return to initial levels even after acute TSD, but anterior insula activation was regained after acute sleep deprivation. The difference in magnitude of the rebound after TSD between the amygdala and insula may derive from the different functions of these regions.
In general, the anterior insula is more involved in the processing of sensory information, 68 while the amygdala functions more in the affective recognition of such information. 69 In this regard, we suppose that sufficient sleep may attenuate amygdala activation and suppress the rewarding value of food stimuli, providing some resistance to acute sleep debt that may cause hyperreactivity. On the other hand, sensory representations in the insula may be more vulnerable to acute sleep debt and be easily affected by one night of TSD. This idea of sensory vulnerability in sleep deprivation is supported by studies showing that sleep deprivation promotes a lower pain threshold and increased activation of the anterior insula. 70 Additionally, greater vulnerability of the anterior insula to food response may indicate strong involvement of the insula in increasing food craving. 71 Note that this hyperreactivity to food cues in the brain was not the product of variations in self-reported awareness or physical sensations such as hunger; because participants were equally fasted before fMRI scanning across different sleep conditions, their awareness of appetite level was experimentally set at a constant. The found fact that sleep sufficiency affects neural responsivity to food cues even without any self-reported awareness suggests that such changes may occur insidiously in the brain. Importantly, awareness of one's sense of craving plays an important role in controlling food intake and avoiding obesity. For instance, there is some evidence that obese people are unaware of their excessive food intake. 72, 73 This is very consistent with the results from our study which clearly demonstrates that sleep debt-induced brain hyperreactivity to food cues could accumulate implicitly in everyday life.
Even in HS conditions, potential sleep debt may promote brain hyperactivation on exposure to food stimuli. As these stimuli increase reward value, they may cause food craving or unconscious changes in food-intake behaviors. The anterior insula, one of the food-responsive regions, plays an important role in the craving aspect of food cues. 71 Some studies have even shown higher activation of this region in obese participants. 7, 42, [74] [75] [76] 
Limitations
In this study, we clarified the altered brain responses elicited by food cues when individual optimal sleep time is fulfilled, compared with habitual sleep patterns. However, it should be noted that our results do not reflect participants' real-world habitual life patterns that directly link hyperreactivation in the food-related regions and increased risk of obesity. In our study, we were not allowed to take participants' individual habitual eating behaviors into account in order to control the experimental settings. For instance, their habitual calorie intake, meal timing, and nutrient balance were not considered during the experiment due to the necessity to control all participants' hunger level at the time of scanning. To assess the direct influence of hyperreactivity in the food-related regions on obesity, further studies will be essential to investigate the association of brain activity changes with their BMI, eating behaviors, or actual calorie intake which reflect individual daily life styles.
CONCLUSION
The findings of this study serve to caution modern people that accumulated unrecognized sleep debt may unconsciously activate food-related reward regions in the brain-in fact, the same regions that are activated in people with obesity. Therefore, even "normal" sleep habits in daily life may expose us to risk for food overconsumption and eventually for obesity and lifestyle diseases.
